Abstract. Identification of a geomorphic index to represent lower thresholds for minor flows in ephemeral, alluvial streams in arid environments is an essential step as a precursor for reliable flash flood hazard estimations and establishing flood warning systems. An index, termed Alluvial wadi Flood Incipient Geomorphologic Index (AFIG), is presented. Analysis of data from an extensive field survey in the arid ephemeral streams in southern and eastern Israel was conducted to investigate the AFIG and the control over its value across the region. During the survey we identified distinguishable flow marks in the lower parts of streams' banks, such as niches, vegetation line, and change in bank material, which are indicative of low flows. The cross-sectional characteristics of the AFIG were studied in relationship with contributing drainage basin characteristics such as lithology, topography, and precipitation. Drainage area and hardness of the exposed lithology (presented as a basin-wide index) are the preferred descriptors to be used in estimating a specific AFIG in unsurveyed sites. Analyses of discharge records from seven hydrometric stations indicate that the recurrence interval of the determined AFIG is equal to or more frequent than 0.5 yr.
Introduction
In mildly sloped humid regions, which are entrenched with perennial streams, the economic damage and fatalities from floods are caused mainly by water overtopping banks of rivers to cause floodplain inundation. For that reason, bankfull flow -i.e., a flow in which the water level in a stream or a river is at the top of its banks and further rise would result in inundation of the floodplain (Leopold, 1994) -often serves in temperate to humid areas as a geomorphic threshold in flood warning systems to indicate the incipience of minor flooding (e.g., Carpenter et al., 1999; Reed et al., 2002; Georgakakos, 2006; Shamir et al., 2013) . The use of a geomorphic index for hydrologic application implies that this index can potentially be estimated for unsurveyed and/or ungauged locations from empirical regional relationships that use upstream terrain and climatic characteristics as predictors (e.g., Leopold, 1994) .
In ephemeral channels of arid environment, marks of bankfull flow are often difficult to identify (Graf, 1988; Richards, 1982) . In addition, hazardous floods are often defined as existence of water in the commonly dry river channels regardless of the specific discharge or stage (Graf, 1988; Cooke et at., 1993; Tooth, 2000) . The major economic damage and fatalities in arid regions are caused by short lived floods characterized by a fast, almost instantaneous, rising water stage (e.g., Schick and Sharon, 1974) . In addition, in regions where ephemeral streams are predominant, vulnerable properties, assets, and activities are often located within the channel of the rivers.
An informal survey that was carried among operational response agencies in Israel that are required to respond to flood occurrences, concluded that a suitable flood warning system for the arid regions is expected to alert on all occasions in which flow is shown in the channels, regardless of its magnitude. These small flows, which are contained within the channel can either be, or quickly develop to be, hazardous flow events.
This study is motivated by the need to identify fieldbased geomorphologic marks of low flows in ephemeral arid streams that can be indicative of minor flash floods in arid ephemeral streams. These geomorphologic marks can potentially be estimated for ungauged and unsurveyed basins as low-flow indicators. In conjunction with hydrologic models, these marks provide a continuous and dynamic risk assessment that identifies the short-term hydrologic conditions that can lead to these flows given continuously changing antecedent conditions. Such a modeling framework provides a tool for forecasters to assess short-term forecasts and issue flash flood watches and warnings for specific locations (e.g., Georgakakos, 1987; Reed et al., 2002; Shamir et al., 2013) .
The results of a comprehensive field survey conducted in the arid region of Israel are described. In this field survey we searched for an index termed an Alluvial wadi Flood Incipient Geomorphologic index (hereinafter AFIG) that can be used as a threshold index for flood inception in arid alluvial and ephemeral streams. Following the literature review and description of the geographic and climatic traits of the study region, the field survey and its results are described. We then present an assessment of the AFIG cross-sectional hydraulic properties with respect to various properties of the drainage area of the basins, and derive estimates of the AFIG recurrence intervals.
Literature review
Geomorphic indices are used in hydrologic applications based on the premise that the geomorphic catchment development is related to catchment and channel characteristics and therefore can be determined from GIS information for ungauged regions (Rodriguez-Iturbe and Valdes, 1979; Carpenter et al., 1999) . Bankfull flow often serves as a conservative physical index for the initiation of flooding. Various studies reported large uncertainty and variability in the estimate of bankfull flow that stem from (a) existence of various field marks to identify the bankfull in a field survey (e.g., Williams, 1978; Gordon et al., 1992; Leopold, 1994) , and (b) the variability and uncertainty in assessment of bankfull cross sections in various environments (e.g., Woodyer, 1968; Radecki-Pawlik, 2002; Carpenter et al., 2007; Navratil et al., 2006; Harman et al., 2008) .
Using annual peak discharge series, Leopold et al. (1964) reported that the return period of bankfull flow is approximately 1 to 2 yr. This return period was later confirmed as reasonable a priori estimate although a wider range of estimates of return period have been reported (e.g., Harvey, 1969; Dury, 1973; Williams, 1978; Gomez et al., 2006; Schneider et al., 2011) . Bankfull flow studies in arid and semiarid ephemeral streams reported various ranges of reoccurrence intervals: e.g., 1.1-1.8 yr in Arizona and New Mexico (Moody et al., 2003) ; 4-10 yr in New South Wales Australia (Pickup and Warner, 1976) ; 0.3-3.3 and 1.5-10.5 yr in Southern California (Carpenter, 2011; Coleman et al., 2005, respectively) .
Another, often used, geomorphic indicator is the effective discharge, defined as the incremental discharge that transports the largest fraction of the annual total sediment load over many years. In their influential work, Wolman and Miller (1960) associated the recurrence interval (return period) with flow magnitude through a two-parameter power law function. They claimed that the product of the flow magnitude and the recurrence interval is an estimate of the channel geomorphic work accomplished by flows for various recurrence intervals. Wolman and Miller (1960) reported that most of the geomorphic work in the channel is attributed to moderate flow events and the effective discharge is between 1-2 yr return period, which is comparable to the recurrence interval of the bankfull flow. Their analysis was conducted for perennial streams in humid/sub-humid temperate climate regions with relatively low sediment entrainment threshold and well-vegetated catchments (Warritty, 1997) . A significant body of research has followed that verifies and in some cases contests the assertion made by Wolman and Miller (1960) (e.g., Leopold et al., 1964; Emmett and Wolman 2001; Phillips, 2002) .
The convenient concept of bankfull flow and its association with effective discharge is often carried forward to arid environment with insufficient qualifications (Graf, 1988; Richards, 1982) . In ephemeral desert streams, the identification of bankfull stage is a challenge because active channels are often much less defined than in wetter environments and the channels are often excessively broad, braided, or incised. Various alternative field marks, such as point bars, vegetation lines, change in depositional particle size, and terraces were proposed to indicate the morphological equivalent of bankfull (e.g., Moody et al., 2003; Lichvar and McColley, 2008; Morin et al., 2009a) . Because systematic identification of these marks in field surveys of arid ephemeral channels is often challenging, the survey of the bankfull cross section may be considered rather subjective.
Anecdotal empirical studies reported that in desert streams the effective discharge is smaller than the bankfull discharge (e.g., Pickup and Warner, 1976) . Moreover, the association of recurrence interval with effective discharge is climatically dependent and closely related to the discharge variability (Graf, 1988) . Neff (1967) showed for example, that in an arid environment 60 % of the sediment was transported by flows with recurrence intervals that are > 10 yr. Conversely, this percentage was only 10 % of the sediment transported for flows > 10 yr return period in humid environment. Baker (1977) reported that the channel geomorphic work is dependent on the underlying type of rock and vegetation cover, and in arid streams which typically have larger particles larger events are required for sediment transport. Pickup and Rieger (1979) pointed out that simple relationships of morphologic variables as a function of discharge are valid for streams that reach steady state equilibrium (i.e., short-term fluctuation with a longer term constant mean value). Most streams however, are thought to follow a dynamic equilibrium that consists of three states: a landform changing event (e.g., a large flood), adjustment of form that follows that event (often referred to as healing period), and a period of steady state (Wolman and Gerson, 1978; Richards, 1982) . The frequency and duration of these three states are much dependent on climate regime and local environment. In ephemeral arid climate, steady state conditions are rarely achieved and the healing periods are prolonged (Schick, 1974; Wolman and Gerson, 1978; Graf, 1988; Warritty, 1997 ). In addition, in arid regions the changes in channel width that are caused by landform changing events are much larger than in humid regions (Wolman and Gerson, 1978) . Also in contrast to humid regions, the relative changes of channel width from a landform changing event are larger for basins that are smaller than 100 km 2 . This implies that in smaller arid basins, the widths of the channels have large variability (Wolman and Gerson, 1978) .
Additional complicating factors with respect to bankfull flow and effective discharge that are common to arid ephemeral environment are (a) long bedrock channel reaches, which require large infrequent flows for transport of sediment and/or incision (e.g., Jensen, 2006) ; (b) variability and large uncertainties in the rate of transmission losses into alluvial beds in ephemeral streams cause discernible spatial variability and flow discontinuity, especially during relatively small flow events (e.g., Schick, 1988; Dunkerely and Brown, 1999; Goodrich et al., 1997; Schwartz, 2001; Dahan et al., 2007; Morin et al., 2009b) ; and (c) the sequence of flows in ephemeral steams often plays an important role in the channel geomorphic work (e.g., McEwen and Werritty, 1988) . In addition, it is noted that channel banks in arid ephemeral environment are less stable as they lack vegetation and contain less clays that act as bank stabilizers (Schumm, 1961; Reid and Frostick, 1997) .
Because of these unique characteristics of the ephemeral arid channels and their flash floods, the use of geomorphic indices such as bankfull flow and effective discharge for hydrological flood warning applications is thought to be inadequate.
Study area
The study was conducted in the southeastern part of Israel. Most of this region is classified as an arid or semiarid climate while some of the basin headwaters experience wetter conditions of a mountainous Mediterranean climate. Mean annual rainfall over the study region varies from 450 to 30 mm ( Fig. 1 ) and potential evaporation exceeds 2000 mm yr −1 (Meirovich et al., 1998) . The rainy season is October-May and the weather during June-September is hot and dry with only rare rain storms. Rainfall is highly variable across the area and can be either localized or widespread (e.g., Dayan and Sharon, 1980; Dayan and Abramski, 1983; Dayan and Morin, 2006) . Runoff events in small catchments might be generated as a response to only 5 mm of rainfall, although in larger catchments, runoff is usually the consequence of at least 10-20 mm of rainfall (Meirovich et al., 1998; Greenbaum et al., 2006; Morin et al., 2009 ). Runoff generation is often from rainfall on exposed hard carbonate rocks and on shallow soils with low permeability (Yair and Kossovsky, 2002) . The low permeability of the soils in some locations is attributed to the formation of a relatively thin surface crust either from microbiotic (e.g., Lange et al., 1992; Kidron et al., 2003) , and/or mineral processes resulting from raindrop-surface interaction (Mualem and Assouline, 1991) . A dominant hydrologic process that controls the streamflow generation is the loss of flow through infiltration into the channel alluvial bed and banks (i.e., transmission losses) (e.g., Shentsis et al., 1999 ).
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The short-term intense rain showers in relatively small basins (Sharon, 1972) together with (a) the regional low infiltration of exposed bedrock and sealing surfaces, and (b) the relatively steep terrain promote the development of flash floods. These floods carry sediment load that is much larger than a comparable flow event in a humid perennial environment (e.g., Laronne and Reid, 1993; Ben David-Novak et al., 2004) .
These floods are characterized by high instantaneous discharges that can damage properties and pose a serious threat to human life. Kahana et al. (2002) reported that in the Negev Desert between 1965 and 1994, 52 major flash floods (recurrence interval > 5 yr) were recorded, with 0 to 6 events occurring in a given year.
Field survey
During February-September 2010, a geomorphic field survey was conducted in ephemeral channels in the Judean and Negev deserts, Israel. The survey focused on identifying marks for low water flows that can be used to develop the AFIG and surveying their cross sectional characteristics. During the survey a total of 75 sites were visited. These sites were identified based on a pre-survey GIS analysis. Forty-six sites that met the following criteria were found suitable for a detailed field survey: (a) existence of alluvial channel (except for two sites where bedrock channel were surveyed); (b) low water marks were identifiable; (c) relative homogeneity of channel geometry along the reach existed; and (d) the channels did not have low shoals that divide and braid the alluvial channels.
Three types of low flow marks were identified in the alluvial channels ( The heights of the above low water marks above the channel bed were often slightly different in opposite banks probably due to local, sub-reach hydraulic conditions that are difficult to discern. In addition, they could have been formed by deeper local flows or by a relatively large and recent regional event (Graf, 1988) . Irrespective of the inherent sources of uncertainty it was reassuring to find that these marks were identified in 42 out of the 46 reaches surveyed and in most of these they were consistently situated at 15-46 cm above the thalweg.
At each of the sites, 3 to 4 cross sections were surveyed, preferably at equal distance, depending on the locations of the most apparent low flow marks. Depending on the characteristic channel width, the length of the measured reaches from the downstream to upstream cross sections ranges from 30 to 100 m. Figure 3 is a schematic diagram of a typical surveyed cross section and its marks. Low water marks were identified on both channel banks. Channel slope was obtained from the average of minimum and maximum gradients of the thawleg along the reach. For each site, the Manning roughness coefficient was estimated based on grain size, grain size variability, existence of shoals and other obstructions (Chow, 1959; Phillips and Tadayon, 2006) . Examples of Manning roughness coefficients typical for the study area are seen in Fig. 4 .
Discharge estimate at the AFIG
The discharge rate associated with the AFIG cross sectional data was estimated using the HEC-RAS software package (US Army Corps of Engineers, 2005) . HEC-RAS is a steady and unsteady flow routing package based on the onedimensional energy equation. Following a comprehensive sensitivity analysis, the flows at the low flow marks were simulated as steady sub-critical flows, with a downstream normal depth boundary condition which was estimated by the actual channel slope as determined from the field survey.
The discharge estimation procedure using HEC-RAS software included the following tasks: (a) the determination of water-surface profiles associated with a series of preassigned discharge values; (b) comparison of the resulting water level profiles and the observed AFIG levels at the two uppermost cross sections of the reach (i.e., away from the downstream boundary conditions); and (c) identifying the discharges that follow the AFIG and additional iterations to narrow the range of discharge values associated with the AFIG until a good match of water levels was obtained. The same iterative procedure was carried out using Manning roughness coefficients that are ±10 % of the initial value to derive an uncertainty estimate that is associated with the selection of Manning coefficients and water level matching. The 20 % uncertainty range that was assigned to the Manning coefficients is thought to be reasonable given the range of coefficients in this study (0.025-0.045) (US Army Corps of Engineers, 1986) and the large variability in the channel bed formation (as can be seen in Fig. 4) . The derived AFIG discharge values and other hydraulic parameters for Tables A1 and A2 for the properties of these cross section locations. the uppermost cross section for all the sampling locations are provided in Table A2 .
The distributions of the different hydraulic parameters are presented in Fig. 5 . The water depth that is associated with the AFIG discharge ranges between 10 and 67 cm with an average of 29 cm and a standard deviation of 12 cm. The largest water depth values and top width values are for the two largest catchments in the dataset (> 1000 km 2 ). Mean cross-section velocity for these low flows lies between 0.2 to 2.2 m s −1 . Again, the two largest values were obtained for the two largest catchments. The relatively high velocities are due to the effect of the hydraulic radius, while slopes and Manning coefficients for these catchments were moderate. The distribution of the AFIG discharge values is positively skewed and the two highest values correspond to the large catchments due to their relatively large wetted area and mean velocity. The effect of catchment area on the AFIG discharge is further considered in Sect. 7.
The uncertainty range (minimum-maximum) around the estimated AFIG discharge is shown in Fig. 6 as a function of the cross-sectional drainage area. As explained above, this is the range of discharge values that represents the uncertainty associated with the water level estimate and the Manning coefficients. The uncertainty ranges are on average 0.6 m 3 s −1 with a maximum value of 6 m 3 s −1 . Although uncertainty in some cases is quite a substantial percent of the estimated discharge (as high as 233 %), it is generally within a reasonable range of field-based discharge calculations (41 % of the estimated discharge on average).
GIS analysis of basin characteristics
Various drainage basin characteristics were determined for the surveyed reaches by analyzing the following GIS layers: 25 m digital elevation model, lithologic map, and annual precipitation. For each survey site the following variables were estimated (Table A1): P1 -Drainage area (km 2 ).
P2 -Rainfall index (Ben Moshe et al., 2008) : mean annual volume of rain over the drainage area (m 3 yr −1 ) contributing to the specific site. P3 -Specific rainfall index: mean annual areal rainfall over the drainage basin (mm yr −1 ).
P4 -Average relief of the drainage area (m) estimated by averaging the relief of all the DEM cells.
P5 -Maximum relief difference in the drainage area (m).
P6 -Basin averaged softness and resistance to erosion.
P7 -Basin average permeability rate.
Both the softness and permeability indices were calculated as a weighted area index using the categorical classification of the exposed lithological GIS map (Table 1) . The lithology classes were assigned four softness categories that range from softest and least resistant to hardest and most resistant. In this mostly barren landscape with large areas of exposed bedrock the erosion rate, runoff generation and sediment yield are associated with the lithological softness (Alexandrov et al., 2003) . The permeability was characterized as three categories of low, medium, and high permeability rates. Basin permeability of the upper strata has a major role in runoff generation during rainfall event (Yair and Enzel, 1987) . It has a strong association with runoff coefficient, and in arid environment, with exposed bedrock and relatively ubiquitous shallow soils, it is highly dependent on the geology and lithology (e.g., Meirovich et al., 1998) . Because the categorical P6 and P7 descriptors describe basin characteristics that are relevant to the AFIG discharge they were used herein as continuous predictors.
The Pearson cross correlation coefficients (R) among the seven descriptors are presented in Table 2 . The asterisks in this table indicate correlation coefficient values that are significantly different than zero based on a Student's t distribution test (p < 0.05). Basin drainage area is highly correlated with the rainfall index (0.88) and the maximum relief difference in the drainage area (0.67) ( Table 2 ). The specific rainfall index (P3) is highly correlated with the average relief, which is related to the basin steepness and also related to the softness index (P6). The softness and permeability indices are also highly correlated (0.75). The correlation of the drainage area with the rainfall and elevation gradient is attributed to the regional differences between survey locations in the eastern slopes of the Judean Desert and the Central Negev (northern and southern sampling locations in Fig. 1, respectively) . The basins of the Judean Desert are relatively small, narrow, steep, and flow along a rainfall gradient from about 300-400 mm yr −1 at their headwaters to < 100 mm yr −1 at their lower parts. In addition, these basins' lithology consists of harder rock material and very shallow soil. On the other hand, the basin drainage areas of the central Negev are characteristically larger, have gentler slopes, and their annual rainfall spatial distribution have lower variability. In addition, their exposed lithology has a relatively larger proportion of softer formations.
The cross correlations among the basin characteristics and the cross sectional hydraulic parameters are examined in Table 3. Catchment area (P1) and rainfall index (P2) are well correlated with the discharge and the other cross sectional properties of the AFIG. To a lesser extent, the catchment relief (P5), mean catchment softness (P6), and mean catchment permeability (P7) also appear as associated with the cross sectional properties. The mean annual precipitation (P3) and average relief of the drainage area (P4) show correlation coefficients that are not significantly different than zero. Overall it is seen that the basin properties are better associated with the geometric cross sectional properties such as top width, and wetted perimeter. The correlations for the flowrelated properties (i.e., discharge and velocity) are weaker when considering the basins predictors. In low flow events surface roughness has a much larger impact on the flow since the roughness elements become progressively smaller with increasing depth of flow (Graf, 1988) .
The correlation coefficients presented in Table 3 suggest that at least one of the predictors in the multiple regression analysis (presented in the next section) should be either P1 or P2. However, because of the high correlation between these predictors (Table 2), the selection of the optimal set of predictors should be further examined. 
Regression analysis
Next we evaluated the ability to associate the properties of the cross sections at the AFIG with the basins' properties used as predictors in a multiple regression analysis. This regression analysis is focused on the discharge, top width (W ) and hydraulic depth (H ) at the AFIG cross sections. The top width and the hydraulic depth are cross sectional parameters that are often required for regional hydrologic applications such as the Geomorphologic Unit Hydrograph (Rodriguez-Iturbe and Valdes, 1979) and derivation of threshold runoff for regional flash flood guidance systems (Carpenter et al., 1999; Georgakakos, 2006) . About a quarter of the field survey cross sectional dataset (11 out of 42 sites), representing different catchment sizes and mean rainfall, were left aside to be used for independent validation, while the remaining of the record was used for the multiple regression analysis. The analysis was conducted for the seven predictors and three predictands (i.e., discharge, width, and hydraulic depth), in linear and log scales, by evaluating different functional relationships such as linear, power law and exponential. The fit between the regression estimate and the observed variables were examined using a set of performance indices: Pearson correlation coefficient, multiplicative bias, nonparametric Spearman rank correlation coefficient, and Nash-Sutcliff (NS) efficiently index. Scatter plots for visual assessment of the quality of the fit were also examined.
The performance indices are presented in Table 4 for the calibration and validation datasets of the selected regressions. The resulting regression equations that were derived from the complete dataset (i.e., calibration and validation datasets) are presented in the right column of Table 4 . We used the entire dataset for the derivation of these final regressions in order to utilize maximal information.
The selected regression for the discharge at the AFIG relies on the drainage area (P1) and basin averaged softness index (P6) as the preferred combination of predictors. On the other hand, for the top width and hydraulic depth at the AFIG Table 4 were derived from the full dataset). The 1 : 1 line is shown.
cross section, the drainage area was found sufficient as a sole predictor (Table 4) . We note that the selection of preferred regression using multiple performance indices was rather subjective and included a suite of considerations: (a) the association between the predictors and the predictand should be physically reasonable and explainable, (b) the selected regression should be parsimonious and easily transferrable to be used in other regions, and (c) additional descriptors in the regression function should be assessed as a tradeoff between added value and added complexity to the regression.
The performance indices for a regression, which used drainage area as a sole predictor for the discharge at the AFIG, yield comparable performance indices values to the selected regression (Table 3) . However, they are compromised by a spurious effect and only describe well the flow values that are > ∼ 5 m 3 s −1 (not shown). It is only by adding the softness index as the second predictor that the regression function has monotonic increase that describes well the entire range of flow values (Fig. 7) .
Identifying the basin area as a regression predictor for the AFIG properties is an expected result. Although, many of the low flow events are caused by local rain cells and during these events only a portion of the drainage area produces runoff, the channel cross sections in the basins outlet are tightly associated with the effective discharge. As discussed in Sect. 2, above, in arid climate the effective discharge is attributed to infrequent large events that likely are to cover the entire basin's drainage area.
The identification of the softness index as the second predictor was not anticipated. The discharge at the cross sections might occur either because of continuous flow that is caused by a basin wide rainfall event with streamflow that is conveyed downstream along the channel; or a discontinuous flow that is caused by local rainfall over contributing areas close to the stream banks. Since the discharge at the AFIG concerns very low flow events, it is reasonable to assume that most flows belong to the latter discontinuous cases. A possible explanation for the softness index being selected as a second predictor is that the relatively large areas of hard bare rocks near the channel banks upstream of the cross section produce runoff with relatively short flow distance over the hillslope to the channel and to the examined cross sections. In addition, as mentioned above, the velocity component of the discharge estimate is mainly dependent on local properties at the cross section such as the channel roughness and local slope. These might be better represented by the lithological softness index that characterizes in general the contributed lithology to the surveyed reach. Understanding the effect of the lithology on the discharge at the AFIG warrants additional investigation which is beyond the scope of this study. The computed discharge, top width, and hydraulic depth at the AFIG using the equations in Table 4 as a function of the observed variable are shown in Figs. 7, 8 and 9, respectively. For the discharge and the top width there is a reasonable monotonic relationship match between the regression output and the observed variables. In the case of the hydraulic depth (Fig. 9) , the relationship appears weaker as also seen in Table 4 . Other studies that are concerned with hydraulic depth at bankfull also showed relatively weaker regional association with the basin properties. For instance, Carpenter et al. (1999) reported that the regressions that were developed to calculate the hydraulic depth at bankfull using drainage area as a sole predictor explained 50 % and 40 % of the variability in Iowa and Oklahoma, respectively. On the other hand, a regression for top width at bankfull using drainage area as a predictor explained 91 % and 82 % of the variability for Iowa and Oklahoma, respectively. In our field survey the range of depth for the AFIG is 10-67 cm. This relatively small range for the depth values is probably within the range of accuracy expected during a field survey. Figure 2 , for example, indicates that although the indices are clearly visible and distinguishable, an accurate measurement of their depth might be difficult to obtain.
The depth of the AFIG seems to be tightly associated with the top width (Fig. 10 ) which implies that depth is monotonically increasing with top width. This association between depth and width suggests that considering the shape of the cross sections as a trapezoid is a reasonable assumption.
Frequency analysis
The frequency of AFIG flow was assessed using historical discharge records from seven hydrometric stations that are co-located with surveyed cross sections (Table 5 ). In four of the hydrometric stations the calculated flow rate at the AFIG is smaller than the minimum recorded discharge of the station and is likely to be smaller than the detection level of the installed instrumentation at these stations. In the other three stations the AFIG flow rate was very close to the lowest recorded level of flows. The average occurrences of events that were registered in the stations are about 1.6 flows per year. This indicates that the return period of the flow at the AFIG is < 0.5. This implies that the AFIG flow occurred on average at least twice a year.
Concluding remarks
This study is concerned with identifying a field-based geomorphic index that signifies low flows in ephemeral arid environments. It is motivated by a critical need for operational flood warning and asks "what is the minimal flow to be concerned about when a warning is needed?". In arid areas of Israel, as in other arid environments, the characteristics of floods are considerably different from perennial streams in temperate environments. Regional flood warning systems developed in temperate regions require extensive adaptation of concepts before they are applied in arid environments. For example, in temperate lowland regions, the concerning flood is often when the water level rises above the channel banks and inundates the floodplain along the entire river. In arid environments there are many cases when even the largest flows do not overflow the channel's sometimes undefined banks. Furthermore, planners in arid environments indicate that even the occurrence of low flow in the channel might already be considered as requiring warning. We investigated the existence of a geomorphic index that represents initial low flow in alluvial ephemeral streams (wadis) of the arid and semi-arid zones of Israel. A comprehensive field survey was conducted and data were collected from 46 channel cross sections with drainage area ranging from 0.5 to 1230 km 2 . In most of the surveyed alluvial cross sections, a low flow index was clearly identifiable on the channel banks by the lowest vegetation line, a scour, or a change in pebble size. The characteristics of the cross section at this index level, which we termed Alluvial wadi Flooding Incipient Geomorphological index (AFIG), were associated with the contributing drainage area and basin-scale softness index based on the lithology exposed in the drainage basin. The flow at the AFIG appears to be a minimal flow that corresponds with the observation detection limit at the hydrometric stations, i.e., many low flows are missing in the records of these hydrologic stations.
Although large uncertainties are attributed to the survey results and the regression analysis, it is encouraging that such procedures were able to detect in the field an AFIG. Obviously, this specific index should be further investigated and validated within the framework of its use in prediction of flows in arid areas. The AFIG can potentially serve in unsurveyed locations as a threshold parameter for regional flash flood guidance models in arid environments. We plan to further investigate this concept to better understand its geomorphologic and hydrologic properties. In addition, we plan to extend the empirical studies to include ephemeral streams in various arid regions and develop nuances that reflect their specific traits.
